study question: Can we accurately define a group of pregnancies of unknown location (PULs) as low risk in order to safely reduce follow-up for these pregnancies and allocate resources to pregnancies at an increased risk of being ectopic?
Introduction
In clinical practice, women classified as having a pregnancy of unknown location (PUL) often receive a lengthy follow-up in order to confirm the location and viability of the pregnancy. The management of PULs varies due to a lack of standardized protocols, and the follow-up varies in intensity according to the level of suspicion of an ectopic pregnancy (EP). Women may have multiple blood tests to measure serum human chorionic gonadotrophin (hCG) and progesterone levels and undergo numerous transvaginal ultrasound scans (TVS). They are usually only discharged following a negative pregnancy test indicating a resolved failed PUL or after visualization of an intrauterine pregnancy (IUP) or an EP on a subsequent TVS examination. While this intensive follow-up approach is warranted for an EP, it is not necessary for a failed PUL or IUP. The latter two groups, representing at least 70% of the PUL population , can be labelled as a low-risk group. For these women, early discharge or reduced followup can be applied, which would reduce the clinical workload and improve the patient's convenience (Kirk et al., 2007) .
To rationalize the management of PULs, it is important to reliably detect pregnancies that can be safely managed with a reduced followup. In the literature, a number of strategies have been described to predict a low-risk PUL (failed PUL or IUP). However, many of these strategies were designed to predict either a failed PUL (e.g. Hahlin et al., 1995; Banerjee et al., 2001) or an IUP (e.g. Kadar et al., 1981; Romero et al., 1986; Condous et al., 2002) , but not both. On the other hand, various risk prediction models based on multinomial logistic regression have been developed to predict the three different PUL outcomes (Condous et al., 2004 (Condous et al., , 2007a Van Calster et al., 2009) . Prediction model M4 (Condous et al., 2007a) uses the ratio of the serum hCG level at 48 h with the level at presentation and the average of the two hCG levels to estimate the risk of a failed PUL, IUP and EP. Based on these risks, a system was suggested to classify pregnancies with the aim of achieving a high detection rate (sensitivity) for each outcome. For example, in an interventional trial, this system reported detection rates of 86% for failed PUL, 86% for IUP and 73% for EP, such that 27% of patients with an EP would be selected for early discharge or reduced follow-up (Kirk et al., 2007) . More recently, more sensible management strategies based on risk rather than on making a certain diagnosis have been considered (Cordina et al., 2011) , the aim being to focus on PULs that are likely to be EPs while reducing the follow-up for IUPs and failed PULs. In addition, no extensive temporal or external validation of M4 has been undertaken, which are crucial steps for the eventual deployment of any prediction model in clinical practice (Justice et al., 1999; Altman et al., 2009) .
The aim of the present study was to propose a classification system for PULs based on M4 that is aimed at reliably classifying a group of PULs as low risk in order that the follow-up for these PULs can be reduced. The usefulness of this system, and also the performance of the M4 logistic regression model were temporally and externally validated using more recent data from the unit where M4 was developed and data from four other units.
Materials and Methods

Design, setting and participants
This is a multi-centre observational diagnostic accuracy study of women with a PUL. Temporal validation data collection from London's St George's Hospital (SGH), where M4 was developed, was done according to a strictly defined study protocol (Kirk et al., 2007; Condous et al., 2007a) At SGH, women were classified as having a PUL if there was no evidence of an IUP or EP on TVS. The data collected for external validation incorporated new definitions of PUL contained within a recent consensus paper (Barnhart et al., 2011) that includes in the PUL population small possible intrauterine gestation sacs or possible EP where embryonic structures have not been visualized. According to these criteria, a pregnancy can be classified as: PUL-probable intrauterine, PUL-probable ectopic or true PUL (which is consistent with the older definition used at SGH). During the recruitment period, all women with a PUL were included in the study unless they were clinically unstable, had an acute abdomen or had blood in the pouch of Douglas according to the ultrasound images at the time of the initial TVS examination.
Data collection and reference standard
Those included in the study had their serum hCG level assessed at presentation and were scheduled to have serum hCG levels measured again 48 h later. When the 48 h hCG ratio was ,0.87, a follow-up serum hCG at Day 7 and urine hCG at Day 14 were organized. Women were then followed up until the final clinical outcome of the pregnancy was known-failing PUL, IUP or EP. The exact method and timing of follow-up was decided on an individual case basis. A failing PUL was diagnosed on the basis of a spontaneous decrease in the serum hCG level to ,15 IU/l. An IUP was diagnosed if there was an intrauterine gestational sac with or without a yolk sac or fetal pole or heterogeneous tissue within the endometrial cavity suggestive of retained products of conception on a follow-up TVS. Alternatively, an IUP was diagnosed if histological evidence of products of conception was confirmed after surgical evacuation. An EP was diagnosed on TVS if no IUP was seen and one of the following was visualized: an inhomogeneous adnexal mass separate from the ovary (Condous et al., 2007b) , an empty extra-uterine gestational sac seen as a hyperechoic ring ('bagel sign') in the adnexal region (Condous et al., 2005a) , or a yolk sac or fetal pole + cardiac activity in an extra-uterine sac in the adnexal region. An EP was also diagnosed at laparoscopy or laparotomy and confirmed histologically. As persistent PULs most likely represent missed EPs that behave in the same way biochemically, persistent PULs were analysed as EPs. Failed PUL and IUPs were considered to be low-risk PULs, and EPs were considered to be high-risk PULs.
For the external validation data, any interventions carried out were recorded including medical treatment with methotrexate or surgical procedures such as the evacuation of retained products of conception, laparoscopy or laparotomy (leading to salpingectomy, salpingostomy or oophorectomy).
Rationalizing PUL management using M4
Our aim was to identify low-risk PULs with a high level of confidence, such that it is safe to select these women for a reduced follow-up. Misclassification of an EP as low risk is thus considered much more harmful than misclassification of a low-risk pregnancy as high risk. This suggests the choice of a low cut-off for the risk that a PUL is an EP, given the direct relationship between risk cut-off and relative misclassification costs (Pauker and Kassirer, 1975; Vickers, 2011; Steyerberg et al., 2012) . We considered it sensible to refer PULs for extensive follow-up if their risk of being EPs was at least 5%. Because the desired risk threshold is partly subjective, we also present results for a cut-off of 3%. If a PUL was classified as low risk, we predicted a failed PUL or IUP depending on which outcome had the highest estimated risk. The risk of each outcome category was estimated by M4. This model is based on the hCG ratio (hCG level at 48 h divided by the hCG level at presentation) and the log of the average hCG level as predictors. The formula for M4 is provided in Supplemental Information.
Statistical analysis
M4 was applied to each PUL and the estimated risks of failed PULs, IUPs or EPs were recorded. Performance evaluation consists of two parts: evaluation of the estimated risks estimated from M4 with respect to discrimination and calibration, and evaluation of PUL triage as high versus low risk based on a risk cut-off. We focus on the latter as this is clinically most relevant. It is important to also address discrimination (Van Calster et al., 2012a , 2012b and calibration of the estimated risks, but this is addressed in Supplemental Information. Regarding triage, the main performance measures are the percentage of low-risk classifications (percentage of PULs selected for reduced follow-up), negative predictive value (the percentage of failed PULs or IUPs among low-risk classifications), sensitivity (the percentage of EPs classified as high risk) and false positive rate (the percentage of failed PULs or IUPs classified as high risk).
Results were obtained for all five hospitals separately and for the aggregate data of the four external validation hospitals to increase numbers. As the definition of what constitutes a PUL was different for the prospectively collected external validation data following a recent consensus statement (Barnhart et al., 2011) , we also obtained results for the aggregate validation data based on the PUL definition used for developing M4 and for temporal validation.
All analyses were performed using SAS 9.2 (SAS Institute, Cary, NC, USA).
Results
A flow chart of this study is presented in Fig. 1 . The total number of PULs was 2184. This includes 1467 PULs from SGH and 717 PULs from the four external units. Overall, 222 patients were excluded, 120 (5.5%) were lost to follow-up and 102 of the remaining patients (4.9%) had missing hCG levels because of the following reasons: an IUP or extra-uterine pregnancy was detected prior to the second Figure 1 Flowchart of the study.
blood sample being taken, the patient was only followed up with a urinary pregnancy test due to a very low initial hCG level or the patient returned out of hours for the second blood sample. The EP rate varied between 8 and 16% across the five units. Table I presents the recruitment periods, the distribution of the reference standard and descriptive statistics for all units. units were considered to be low risk (the percentage for these units varies between 62 and 75%). The low-risk classification was correct for 98% of the women at SGH and for 97% of the women at the four external units (the percentage varies between 96 and 98%). At SGH 85% of EPs were correctly classified as high risk, while this was 88% at the external units (the percentage varies between 80 and 92%).
Of the 11 misclassified EPs in the external units (Table IV) , 5 resolved without intervention, 3 received methotrexate injections (despite a declining serum hCG in one) and 3 underwent laparoscopic surgery. Thus, for 6 cases out of 621 PULs (1.0%) intervention was deemed necessary. Of all 92 EPs in the external units, 41 received a surgical intervention of which 3 were misclassified (7%), 37 received methotrexate of which 3 were misclassified (8%) and 14 did not receive an intervention of which 5 were misclassified (36%).
The cross-tabulation of the original reference standard (failed PUL, IUP, and EP) with the classification as low risk-failed PUL, low risk-IUP or high risk is shown in Supplementary data, Table SII. When re-analysing the external validation data using only PULs that would be classified as PULs using the definitions used at SGH, very similar results were obtained (Supplementary data, Table SIII) .
Discussion
We have shown that the M4 risk prediction model for PULs based on measurements of serum hCG can be used as a triage tool to significantly reduce the number of visits, blood tests and scans in a large proportion of women attending hospital in early pregnancy with a PUL. The model still performed well on external validation. The most important result is that M4-based triage of PULs as low or high risk using a 5% risk cut-off for EPs managed to select around 70% of PULs for reduced follow-up while still referring at least 85% of EPs for extensive follow-up. Among the PULs selected for reduced follow-up, 96 -98% were later confirmed as failed PULs or IUPs.
We can illustrate how the model would be used in practice using some examples. A 42-year-old woman with a history of two first trimester miscarriages presented with light vaginal bleeding and lower abdominal pain at 6 weeks of gestation according to her last menstrual period. TVS revealed an empty uterus with an endometrial thickness of 8 mm. The serum hCG level was 570 IU/l at presentation and 1467 IU/l 48 h later (hCG ratio 2.57). M4 predicted a low-risk IUP, for which we would suggest a repeat scan after 1 week. This woman had a viable IUP. Another woman, aged 29, in her first pregnancy presented with a history of light vaginal spotting. TVS revealed an empty uterus with an endometrial thickness of 5 mm. Both ovaries appeared normal and no adnexal masses were seen. The hCG level was 245 IU/l at presentation and 237 IU/l at 48 h (hCG ratio 0.97). M4 predicted a high risk, and so we would suggest a repeat scan and hCG assessment after a further 48 h. The woman was later found to have an inhomogeneous mass in the right adnexa next to the right ovary, and a laparoscopic right salpingectomy was performed. Finally, a 26-year-old woman with one previous normal delivery at term presented with a history of heavy bleeding with clots at 10 weeks of gestation according to her last menstrual period. The uterus appeared empty on TVS with no adnexal masses seen. The serum hCG was 2303 IU/l at presentation and 749 IU/l at 48 h (hCG ratio 0.33). M4 predicted low risk-failed, for which we would suggest a urinary pregnancy test after 1 week. This pregnancy was indeed a failed PUL.
The cases classified as low risk would not be discharged completely but undergo reduced follow-up, for example, a urinary pregnancy test or scan after 1 week. Patients on a reduced follow-up protocol would also be given strict instructions to return in the event of a change in their symptoms. This approach seems reasonable and is likely to lead to women with an EP returning for review. Nonetheless, classifying EPs as low risk is undesirable, as the risk of tubal rupture should be minimized and treatment enabled as early in the natural history of the condition as possible. Reviewing the data from the four external units, 5 of the 11 misclassified EPs resolved without intervention and management would not have been improved by classifying them as high risk. For six patients intervention was deemed necessary and lack of closer follow-up may have led to harm. In most cases, an EP misclassified as an IUP would be identified at the time of a follow-up scan. Although there were no complications reported in this study among the EPs falsely classified as low risk, this study was not interventional. We therefore do not know whether these patients would have come back to the unit in the event of symptoms or come to harm prior to follow-up, and we do not know the exact time period until making the correct diagnosis of EP. To demonstrate this, an interventional trial is currently ongoing. Of all EPs in the external units, M4-based triage classified nearly all EPs that received intervention as high risk, whereas it misclassified one-third of EPs that did not receive intervention. This suggests that triage performs particularly well for EPs that require surgery or medical treatment.
Two limitations on the performance of M4 are the decreased discrimination performance in one external hospital (WMH) and the overestimation of the risk of EP in the external units (cf. Supplemental Information, Table SI ). WMH data contained an unusually high number of non-viable IUPs. This may be due to a tendency to classify women with evidence of retained products on ultrasound as a PUL due to the absence of a visible gestation sac. However, triage results for WMH were not worse than those for other units. Also, given the clinical requirement not to categorize many EPs as low risk, a minor overestimation of the risk of EPs while not ideal, is not a major drawback. Moreover, it did not negatively affect triage results.
The four hospitals used in this study serve diverse multi-cultural populations and represent a mix of university units and district hospitals; the prospective external validation of M4 in these hospitals supports the view that this approach will have general applicability in other units.
A similar approach to the management of PULs was proposed using a single-visit strategy based on the initial serum progesterone and hCG levels (Condous et al., 2005b) . When tested prospectively on a total of 518 PULs, this approach correctly eliminated 84% of low-risk PULs from further follow-up but simultaneously misclassified 67% of EPs (Condous et al., 2005b) . Another single-visit strategy was described in a recent prospective interventional study in which a single measurement of serum progesterone ,10 nm/l at presentation was used to discharge women with a PUL (Cordina et al., 2011) . Using this approach, Cordina and colleagues classified 37% of their PUL population as low risk. Fifteen (6.6%) out of 227 discharged women returned to the unit because of worsening symptoms and 4 (1.7%) needed surgical intervention of which 2 of the 5 were discharged EPs. While the single progesterone approach has the advantage of giving a result on the basis of one blood test, using M4 enables significantly more women to be classified as low risk. It is important to emphasize that the Cordina study is interventional, and so while M4 may have theoretical advantages, an interventional study is needed to enable us to compare these approaches to PUL triage appropriately.
Undoubtedly, the management of PUL takes up a significant amount of time and resources in units caring for women with early pregnancy complications. By far, the majority of PULs are low risk and the number of blood tests and visits to hospital for review represent a significant burden both on patients and clinicians. We have shown that the M4 prediction model with a risk cut-off of 5% on the risk of EP could be used to reduce follow-up in over 70% of PULs. This would make more time available to concentrate on women at a high risk of complications and potentially better use of resources. The good performance of M4 when validated externally suggests that the use of this approach prospectively would lead to a change in the management of the majority of women with a PUL and a more efficient use of resources. The M4-based protocol can be accessed and used at http ://homes.esat.kuleuven.be/~biomed/M4PUL/M4triage.htm.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/.
